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[1] Modeling is an important tool in understanding physical processes in the solar system. Metrics

analysis evaluates model performance by comparing model output to a measurable parameter of interest.

In this paper we studied the performance of the coupled Block Adaptive-Tree Solar Wind Roe-Type

Upwind Scheme (BATSRUS) global magnetosphere MHD code and the Fok ring current model (FRC) by

examining in detail the geosynchronous proton fluxes during the injection event on 21--22 January 2005.

The output of BATSRUS code, calculated ionospheric potential and magnetic field, as well as proton

temperature and density distribution, is used as an input boundary condition for the FRC model. We also

discuss another event, on 10--11 August 2000, and speculate about the reasons of an apparent difference in

the performance of the coupled models for these two events. The results of the simulation are

compared with two LANL satellite observations, LANL-97A and 1994-084. The comparison of the

simulation results for strongly varying solar wind and for prolonged interval of steady solar wind with

southward IMF Bz, demonstrates that coupled BATSRUS and FRC models perform fairly for the

magnetosphere driven by strong solar wind disturbances and probably are missing some internal

magnetosphere dynamics in the second case.
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1. Introduction
[2] Scientific models are important tools in understand-

ing physical processes in the solar system. They often
provide a global view of a studied object that is not
available using only satellite or ground observations and
help to put observations into global context. Models are
used by space weather operators for their applications and
space weather forecasting. Therefore it is essential that the
scientific community, operational users, and model devel-
opers are aware of model capabilities and limitations. One
of the ways of measuring model effectiveness is the
metrics analysis, standardized, repeatable comparison of
model output to a measurable parameter of interest. The
result is expressed as a skill score, a simple number, which
measures the performance of a model against some
reference model, based on modeling of one particular
output parameter. Such studies provide continuous feed-

back to the model developers and encourage further
modeling improvement. Metrics analysis is setting a
benchmark for the current state of a model and thus is a
tool for tracing model progress over time. It also gives
information about the usefulness of a model upgrade. By
having a simple single number like a skill score to
characterize a model, it is easy to compare the perfor-
mance of different models with similar output. Finally,
metrics studies provide information about the usefulness
of a model for operations and thus are of particular
importance to space weather operators.
[3] In this paper we studied the performance of

the coupled Block Adaptive-Tree Solar Wind Roe-Type
Upwind Scheme (BATSRUS) global MHD code and
the Fok ring current model (FRC). The results of the
simulation are compared with the LANL-97A and 1994-
084 geosynchronous satellite observations of energetic
proton fluxes and a metrics analysis is performed.
[4] The Earth’s ring current is a large-scale electric

current system encircling Earth’s magnetic equator at1NASA Goddard Space Flight Center, Greenbelt, Maryland, USA.

SPACE WEATHER, VOL. 5, S11004, doi:10.1029/, 2007
Click
Here

for

Full
Article

Copyright 2007 by the American Geophysical Union 1 of 10S11004

http://dx.doi.org/10.1029/2007SW000321


radial distances typically in the range from 2 to 8 RE [e.g.,
Fok et al., 2001]. The current is carried mainly by westward
drifting trapped 1--300 keV ions [Daglis et al., 1999]
injected from the inner plasma sheet through the night-
side geosynchronous orbit region [Wolf et al., 1997; Fok et
al., 1996]. Geosynchronous orbit injections of charged
particles and the ring current buildup are the subject of
intensive studies using both observations and modeling
due to the importance of this region of the inner magne-
tosphere for theoretical and practical purposes.

[5] One of the most popular and frequently applied
models of the ring current is the Fok ring current model
(FRC) [Fok et al., 1995, 1999; Fok and Moore, 1997]. At the
Community Coordinated Modeling Center at NASA/
GSFC, Fok rung current model is coupled with the global
magnetosphere MHD code BATSRUS [Powell et al., 1999],
which is used as a driver for the ring current model.
[6] In this study we perform detailed metrics analysis of

the coupled BATSRUS and FRC model performance
for the geosynchronous proton injection event on 21--
22 January 2005. We also demonstrate the limitations of
the model capabilities using another proton injection
event on 10--11 August 2000.

2. Brief Description of BATSRUS and Fok Rig
Current Models and Solar Wind Input Conditions
[7] The University of Michigan global MHD magneto-

sphere model BATSRUS [Powell et al., 1999] uses solar
wind input as an upstream boundary condition. It calcu-
lates, self-consistently, the magnetic field, ionospheric
potential, and plasma sheet temperature and density
distribution. These parameters are then used as input to
the FRC model.
[8] The Fok ring current model (FRC) calculates the

differential particle fluxes for protons and electrons up
to 300 keV by solving a bounce-averaged Boltzmann
transport equation for a phase space distribution function
along magnetic field lines. The phase space distribution is
assumed to be constant along magnetic field lines at
constant first and second invariant for an arbitrary pitch
angle distribution. The advection terms include gradient-
curvature drift and E � B drift, which includes both
corotation and the convection. In addition, the model
calculates losses due to charge exchange. The initial
source population uses the quiet time ion composition
compiled by Sheldon and Hamilton [1993], which was
obtained using the Active Magnetospheric Particle Tracer
Explorer/Charge Composition Explorer/Charge-Energy-
Mass instrument. The outer boundary of the FRC model
is at 10 RE on the nightside and at the last closed field line
on the dayside magnetosphere. After the initial setup,
temperature and density of protons at the outer boundary,
and ionospheric potential and magnetic field given by
MHD code BATSRUS are used as input to the FRC model.
The pitch-angle distribution on the boundary is assumed
to be isotropic.
[9] The solar wind input to the BATSRUS code in the

studied event is presented in Figure 1. It is given for the
interval 21 January, 1200 UT to 22 January, 1200 UT and
corresponds to ACE satellite data projected to the distance
of 33 RE (GSM), which is the boundary of the BATSRUS
model. The projection is performed by averaging the solar
wind velocity at the ACE location (L1 point) and assuming
the signal propagation from L1 to 33 RE with this average
velocity. It is clear from this plot that all solar wind
parameters exhibit a sharp jump at approximately

Figure 1. ACE satellite solar wind data for the 21--
22 January 2005 event.
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21 January, 1700 UT. We will show below how this abrupt
change reflects geosynchronous particle luxes.

3. Observation and Simulation Results
[10] The results of observations and the model calcula-

tions are shown in Figure 2. Figure 2a shows LANL-97A
geosynchronous satellite SOPA instrument proton fluxes
[see, e.g., Reedy et al., 1998] color-coded for four energy
channels: P2, 75--113 keV (red); P3, 113--170 keV (orange);
P4, 170--250 keV (green); and P5, 250--400 keV (blue). We
do not consider the lowest energy proton channel P1, 50--
75 keV, in this paper because for P1 electronic noise
contaminates the real proton counts for the studied event
(G. Reeves, private communication, 2006). Figure 2b
shows the FRC simulation results mapped to the satellite
trajectory. Proton fluxes are calculated from FRC model
for energies correspondent to the geometric mean of the
minimum and maximum energies of the four energy
channels.
[11] Fluxes on both Figures 2a and 2b exhibit a sharp

increase very quickly after 21 January, 1700 in correspon-
dence to sharp changes of solar wind conditions at this

moment of time (Figure 1). This indicates that solar wind is
a direct driver of the ring current variations during the
21--22 January 2005 event. The time series of fluxes look
quite similar in both Figures 2a and 2b, so the coupled
models do a fair job qualitatively. The quantitative metrics
analysis of the model performance is presented in the next
two sections. First, we perform a more traditional, corre-
lation based metrics analysis. After that we show the
results of an event prediction based metrics analysis,
which we think is more relevant in the considered case.

4. Correlation Based Metrics
[12] In order to perform correlation based metrics anal-

ysis we divide the whole 24-h time interval into three
subintervals according to the flux behavior in Figure 2:
(1) 21 January, 1200, to 21 January, 1700, prestorm quiet
interval; (2) 21 January, 1700, to 21 January, 2400, active
interval (the sharp jump in fluxes is included in this
interval); (3) 21 January 2400 to 22 January 1200 post-
active interval. We estimate model performance for
these three intervals separately as well as for the whole
interval.
[13] For the correlation based metrics analysis we use

the concepts of a reference model, model score, and skill
score. A reference model is a model to which both simu-
lation results and measurements are compared to for a
needed parameter. In our case this parameter is proton
flux F. We consider two different reference models in our
analysis: the mean model and the persistence model. For
the mean model no perturbations are assumed. It is
characterized by a single number Fmean equal to the mean
value of the measured flux hFobs(t)i for the considered
time interval. The persistence model uses previous
measurements as a prediction. For example, for 5 min
period persistence, flux Fpers(t) at a given moment of
time t is equal to the flux observed 5 min earlier,
Fobs(t�5 min). The smaller the persistence period, the
closer the persistence model is to the observations.
[14] A model score D is a standard deviation of the

difference between the model results and the measure-
ments. With the fluxes Fm,r and Fo given by the simulation
model (or the reference model) and the observations,
respectively, the score for the simulation (or the reference)
model, Dm,r is calculated by:

Dm;r ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
Fm;r � Fo
�� ��2
Npoints

vuut ð1Þ

where Npoints is the number of points in the observations.
[15] After introducing the model score we can now

introduce a single number which characterizes the model
performance versus the reference model for a given in-
terval of time as:

M ¼ 1�Dm

Dr
ð2Þ

Figure 2. LANL-97A geosynchronous satellite proton
flux data and the Fok ring current model results
mapped to this satellite trajectory.
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M is called a skill score and its value indicates how
well the model performs in respect to the reference model:
(1)M= 0 -themodel performance is as good as performance
of the reference model; (2) M < 0 -performance is worse;
(3) 0 <M < 1 -performance is better; (4)M = 1 -performance
is perfect.
[16] Figures 3 and 4 show the calculated skill scores for

the model in respect to the mean model (black squares),
25 min persistence model (blue triangles), 50 min persis-
tence model (green triangles), and 100 min persistence
model (red circles) versus an energy channel number. In
Figures 3a and 3c and Figures 4a and 4c the skill scores for
protonfluxFarepresented;Figures3band3dandFigures4b
and 4d demonstrate skill scores for log10(F), that is, for the
orderofmagnitudeof the flux. Figures 3aand3bcorrespond
to first, prestorm quiet time interval Figures 3c and 3d
correspond to the second, active interval. Figures 4a and 4b
correspondtothird,postactiveintervalandFigures4cand4d
correspond to the whole time interval.
[17] Figures 3 and 4 show that the behavior of the skill

score versus energy is qualitatively similar in respect to all
reference models, mean, or persistence, but it depends on
the considered time interval: (1) M has a maximum for
the fourth energy channel for the prestorm, quiet interval;
(2) M monotonically grows with energy for the active
interval; (3) M has a minimum for the third channel for
the postactive interval and also for the whole interval. Not
surprisingly, the skill score with respect to persistence
model is higher for larger persistence period.
[18] There is an energy-dependence of the skill for all

models. Excluding channel P2 the model performs better
than the mean reference model for the prestorm quiet
interval (see all energies). For 50 and 100 min persistence
periods the relative performance of the model for the two
intervals depends on energy. The skill score for the third,
postactive period is extremely low, and this influences the
result for the whole interval (see Figure 4). The perfor-
mance of the model with respect to the order of magni-
tude of the flux (log10(F)) is much better (compare left and
right columns in Figures 3 and 4).

5. Event Prediction-Based Metrics
[19] Correlation-based analysis is not always the best

way to evaluate model performance. This is especially true
for the complex form of the measured quantity behavior in
time. Besides, correlation based metrics often lacks user
relevance. In many cases a metrics based on some overall
aspect of the measured quantity, like the amplitude,
should be preferred. This can help in the actual decision
process involving the forecast-mitigation action. Both
of these reasons are valid in our case. First, the geosynchro-
nousorbitprotonfluxtimevariationisrathercomplex.Second,
rather than knowing skill score, more informative would
be, for example, to know how well coupled BATSRUS and

FRC models predict for the proton flux exceeding of certain
threshold level Fm > Fthr.
[20] Metrics analysis based on a study of model capa-

bility to predict ’’events’’ was suggested and used by
Weigel et al. [2006] and used, for example, by Pulkkinen et
al. [2007]. It was introduced to characterize the utility of
the model: what would be the monetary gain/loss if the
system mitigates according to the model predictions. The
utility is compared with respect to a reference system that
is never mitigated.
[21] In our case an ‘‘event’’ can be defined as follows:

within a forecast window of length DTwin, proton flux
exceeds a threshold Fthr. The window is moved over the
entire time interval in such a way that analyzed parts of
the time series do not overlap. The forecast is correct if
both the model and measurement exceed Fthr at least once
within a window. A false alarm happens if within a
window the model predicts Fm > Fthr, while the measured
flux never exceeds the threshold value. Since in the
‘‘event’’ prediction-based metrics, the utility is compared
with respect to a reference system that is never mitigated,
it is not necessary to include misses, that is, failure of the
model to predict the flux exceeding some threshold, since
such misses do not influence monetary gain/loss (see
Weigel et al. [2006] and Pulkkinen et al. [2007] for the
details).
[22] All correct and false predictions within each

window are summed then for the entire time interval to
obtain a number of correct Ncr and false Nfs predictions.
Metrics based on ‘‘event’’ prediction is characterized by
the ratio Rf = Ncr/Nfs, called the forecast ratio.
[23] The results of the event prediction-based metrics

analysis for the coupled models and LANL-097A satellite
measurements are presented in Figure 5. In this case
we consider the whole 24 h period of the observations,
correspondent to 21 January, 1200 UT to 22 January,
1200 UT. In Figures 5a and 5b the forecast ratio versus
threshold level Fthr is shown. Figure 5a corresponds to the
lowest considered energy channel P2 (75--113 keV). The
forecast ratio for three different window lengths, 60 min,
30 min, and 15 min is demonstrated in Figure 5a. The
lower panel shows the same for the highest energy
channel P5 (250 keV-400 keV). For each channel we took
the appropriate threshold range.
[24] As we can see, coupled models give more correct

predictions than false alarms (Rf) for lower threshold
values for both channels. Then, the forecast ratio is drop-
ping for growing threshold levels. For a given Fthr, Rf is
larger for larger window lengths. Comparing Figures 5a
and 5b for the same window length indicates that the
model works slightly better for the higher-energy channel,
although we have to remember that forecast ratios are
calculated for different threshold levels for two different
energy channels.
[25] In Figure 6 we show the forecast ratio versus Fthr for

a different persistence and fixed window length DTwin =
30 min. We plot in Figures 6a and 6b also the
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Figure 3. The model performance skill score versus energy channel number for the first
(prestorm quiet) and the second (active) time intervals.

Figure 4. The model performance skill score versus energy channel number for the third
(postactive) and the whole intervals.
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corresponding forecast ratio for the model for the same
window length. We see that the coupled models perform
worse than persistence. The difference in performance is
somewhat smaller for the higher-energy channel.

6. Limitations of the Model: Event of
10--11 August 2000
[26] The limitations of the coupled BATSRUS and FRC

models can be clearly seen from the analysis of model
performance for another event, a so-called ’’sawtooth’’
profile proton injection event on 10--11August 2000,
studied in detail by Henderson et al. [2006]. ‘‘Sawtooth’’
injections are called quasi-periodic, large-amplitude oscil-

lations of energetic particle fluxes at the geosynchronous
orbit during prolonged intervals of steady southward IMF
Bz [e.g., Reeves et al., 2004]. In order to illustrate more clearly
the difference between the 10--11 August 2000 event and
the event on 21--22 January 2005, analyzed in previous
sections, in Figure 7 we placed the observation and model
results for these two events next to each other. The left
column represents the 21--22 January 2005 event and the
right column represents the 10--11 August 2000 event.
Figures 7a--7d represent corresponding solar wind data.
Therefore Figures 7a--7d repeat Figure 1 in the left column.
Figures 7e and 7f show observation data and model calcu-
lation results for geosynchronous proton fluxes, so they
repeat Figure 2 in the left column.

Figure 5. The orecast ratio versus flux threshold
level for different forecast window lengths, showing
(a) energy channel 50--75 keV and (b) energy channel
250--400 keV.

Figure 6. Forecast ratio versus flux threshold level for
30 min window length and different persistence
models, showing (a) energy channel 50--75 keV and
(b) energy channel 250--400 keV.
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[27] In Figures 7e and 7f in the right column we
show fluxes for three higher-energy proton channels,
P3, P4, and P5, since lower-energy channels P1 and P2
were strongly contaminated by electronic noise for the

10--11 August 2000 event (G. Reeves, private commu-
nication, 2006).
[28] As we see, unlike the 21--22 January 2005 event,

there is not even a resemblance between observations and

Figure 7. Comparison of observation and model results for the (left) 21--22 January 2005 and
(right) 10--11 August 2000 proton injection events, representing (a--d) corresponding solar wind
data and (e--f) observation data and the model calculations for geosynchronous proton fluxes.
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model calculations for the 10--11 August 2000 event. In
Figure 8 we present the results of the metrics calculations
for this event based on the whole interval of observations.
Figure 8a demonstrates the result of the correlation
metrics analysis: shown is skill score of the model
performance with respect to the mean and the persistence
reference models for different energy channels. Figure 8b
demonstrates the result of event-based metrics analysis:
shown is the forecast ratio for the highest-energy channel

for different window lengths as a function of flux thresh-
old level for correspondent flux interval.
[29] Comparing Figure 8a with Figure 3, we conclude

that the skill score of the model performance for the 10--
11 August 2000 event as a whole is lower than the
skill score for the first and the second intervals of the
21--22 January 2005 event. However, it is higher than
the extremely low skill score for the third interval of the
21--22 January 2005 event (see Figure 4). The comparison
with the whole interval of the 21--22 January 2005 event
shows that the skill score for the 10--11 August 2000 event
is lower for the P3 energy channel and is almost the same
for both events for P4 and P5.
[30] A better indication of the relative model perfor-

mance appears to be given by event-based metrics anal-
ysis, characterized by the forecast ratio. Comparison of the
Figure 8b with Figure 5b, showing the forecast ratio for the
21--22 January 2005 event for the same energy channel,
demonstrates that the coupled model performance for the
10--11 August 2000 event is much worse.
[31] We would like to speculate about the possible

reasons for such a discrepancy in model performance.
Comparing solar wind data for these two events, one
can clearly see that for 21--22 January 2005 the magneto-
sphere seems to be directly driven by strong, stormy solar
wind disturbances, including strong IMF Bz component
oscillations, which we believe cause geosynchronous flux
oscillations. In this case the coupled models catch the
basic features of the event, so we can say that their
performance is satisfactory. On the other hand, on 10--
11 August 2000 the solar wind is almost steady starting at
2100 UT and the IMF Bz component is quasi constant,
directing southward. However, geosynchronous fluxes
still exhibit rather strong ’’sawtooth’’ profile oscillations.
In this case magnetosphere dynamics seems to be deter-
mined by some internal mechanism which the coupled
models are apparently missing.
[32] We believe that the reason is in unphysical numer-

ical resistivity, used in MHD codes, which allows to
respond to the variations in the solar wind but produces
a steady magnetosphere for steady solar wind conditions.
Recently, Kuznetsova et al. [2007] used the BATSRUS
model to analyze the influence of different dissipation
mechanisms triggering magnetic reconnection, including
nongyrotropic effects, in the magnetotail region.
[33] By introducing kinetic corrections, the authors were

able to reproduce fast magnetotail reconnection rates
observed in kinetic simulations and obtained quasi-
periodic loading unloading cycles (multiple reconnection)
in the magnetotail even for steady southward IMF con-
ditions. In the followed work [Taktakishvili et al., 2007], we
used the FRC model to investigate the buildup of the ring
current during the magnetotail loading-unloading cycles
in the course of the long period of steady southward IMF.
As input to the FRC model, we used the results of
the simulation employing the technique developed by
Kuznetsova et al. [2007]. This coupled modeling allowed

Figure 8. (a) Results of the correlation and (b) the
event-based metrics calculations for the 21--22 August
2000 event. Figure 8a shows the model performance
skill score with respect to the mean and the persistence
reference models versus energy channel number.
Figure 8b shows the forecast ratio versus flux threshold
level for the different forecast window lengths for the
energy channel 250--400 keV.
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us to reproduce, for the first time in theoretical simula-
tions, the ‘‘sawtooth’’ oscillations in the ring current:
quasi-periodic, large-amplitude oscillations of energetic
particle fluxes at the geosynchronous orbit during pro-
longed intervals of negative IMF Bz. However, modeling
with kinetic corrections to MHD code is still under devel-
opment and presently can be used to simulate only
idealized solar wind conditions, not real events. Since
we are studying real events, in the presented paper we
used BATSRUS code without kinetic corrections. That is
why the coupled models did not reproduce observed
’’sawtooth’’ type oscillations for the 10--11 August 2000
event because the solar wind was rather steady in
this case: we believe that ’’sawtooth’’ events are caused
by multiple reconnection (multiple substorms) in the
magnetotail, which the model, with numerical resistivity
alone, can not reproduce. These considerations give us the
ground to speculate about the 21--22 January 2005 event to
be directly driven by the solar wind disturbances and the
10--11 August 2000 event to be the result of the internal
tail dynamics.

7. Summary
[34] We studied the performance of the coupled

global MHD code BATSRUS and the Fok ring current
models. The results of the simulation of the proton fluxes F
are compared with the LANL satellite observations of
geosynchronous proton injections. In order to evaluate
the model performance we used two different methods:
correlation based metrics analysis and event prediction
metrics analysis.
[35] The correlation based metrics analysis suggests that

models perform better than the mean reference model
almost for all energies for the prestorm quiet interval.
Skill score for the postactive period is rather low. The
performance of the model for the order of magnitude of
the flux (log10(F)) is much better.
[36] Event prediction based metrics analysis shows that

the model gives more correct predictions than false alarms
for lower flux prediction threshold levels Fthr. Persistence
performs better than the models for the considered
persistence periods and energies. The model performance
is slightly better for higher energies than for lower
energies. So, quantitatively the persistence models are
hard to beat, but coupled BATSRUS and FRC models give
satisfactory prediction for the order of magnitude and the
profile of geosynchronous proton flux time series.
[37] We compared the model performance for driven

magnetosphere, during strongly varying solar wind, to the
model performance during a prolonged interval of
steady solar wind, with IMF Bz directed southward. This
comparison demonstrates the capabilities and limitations
of the coupled BATSRUS and FRC models, important for
practical operational purposes. It shows that the coupled
models perform fairly for the magnetosphere driven by
strongly disturbed solar wind and certainly better than for
the case, when for a prolonged interval of time, solar wind

disturbances are weak and IMF Bz is directed southward.
We argue that models are apparently missing some inter-
nal magnetosphere dynamics, in this second case.
[38] We also speculate about the possible reasons of

such a discrepancy in model performance. Our conclu-
sions are based on the results of a recent model improve-
ment by Kuznetsova et al. [2007], where the authors
considered kinetic corrections to the MHD model simu-
lations using coupled BATSRUS and FRC models. With
this approach it is possible to address events like the event
on 10--11 August 2000, discussed in section 6. However,
modeling considering kinetic corrections to MHD code is
still under development and presently can be used to
simulate only idealized solar wind conditions, not real
events. Modeling of real events is the subject of future
work.
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